The rapid increase in the emergence of antibiotic-resistant bacteria has attracted attention to bacteriophages for treating and preventing bacterial infections. Bacteriophages can drive the diversification of Pseudomonas aeruginosa, giving rise to phageresistant variants with different phenotypes from their ancestral hosts. In this study, we sought to investigate the effect of phage resistance on cytotoxicity of host populations toward cultured mammalian cells. The library of phage-resistant P. aeruginosa PAO1 variants used was developed previously via experimental evolution of an isogenic host population using phages PP7 and E79. Our results presented herein indicate that the phage-resistant variants developed in a heterogeneous phage environment exhibit a greater ability to impede metabolic action of cultured human keratinocytes and have a greater tendency to cause membrane damage even though they cannot invade the cells in large numbers. They also show a heightened resistance to phagocytosis by model murine macrophages. Furthermore, all isolates produced higher levels of at least one of the secreted virulence factors, namely, total proteases, elastase, phospholipase C, and hemolysins. Reverse transcription-quantitative PCR (RT-qPCR) revealed upregulation in the transcription of a number of genes associated with virulence of P. aeruginosa for the phage-resistant variants. The results of this study indicate a significant change in the in vitro virulence of P. aeruginosa following phage predation and highlight the need for caution in the selection and design of phages and phage cocktails for therapeutic use.
P
seudomonas aeruginosa is an opportunistic pathogen associated with ventilator-acquired pneumonia (1), acute lower respiratory tract infections in immunocompromised patients, chronic respiratory infections in cystic fibrosis patients (2), catheter-associated urinary tract infections (UTIs) (3), skin infections (4), wound infections (5) , and keratitis (6), among others. High incidence, infection severity, and increasing antibiotic resistance characterize P. aeruginosa infections (7) , highlighting the need for new therapeutic options.
After a long hiatus, bacteriophages are again being advocated for use in treating and preventing bacterial infections (8) , mostly driven by the crisis presented by antibiotic-resistant bacteria. Bacteriophages, bacteria's natural predators, have proven to be promising in numerous animal case studies (9) (10) (11) (12) (13) and human clinical trials (14, 15) . One of the main fears concerning bacteriophage therapy is the potential for bacteriophage-induced bacterial genome evolution. The struggle for survival between bacteria and their specific obligate viral parasites, phage, has played an important role in the evolution of the biosphere (16) . Bacteriophages have been identified as agents that can drive the diversification of P. aeruginosa due to the strong selective pressure they exert on the host community (17, 18) , giving rise to phage-resistant variants with significantly different phenotypes than the ancestral host (19) . Given the fact that resistant variants may dominate the infectious population (20) , it is crucial to gain insight into the changes that might occur to the virulence of the host population.
Virulence of P. aeruginosa is multifactorial and has been attributed to cell-associated factors such as lipopolysaccharide (LPS), flagellum, and pilus and non-pilus adhesins, as well as to exoenzymes or secretory virulence factors, including protease, elastase, phospholipase, pyocyanin, exotoxin A, exoenzyme S, hemolysins, rhamnolipids, and siderophores (21) (22) (23) (24) (25) . Several of these virulence factors, acting alone or synergistically with each other, are believed to cause cell death, severe tissue damage, and necrosis in the human host (23) . If the selective pressure from bacteriophage on the host population results in alterations to any of these virulence determinants, change in the virulence of the phage-resistant variants is to be expected (26) .
In a previous study, we developed a library of P. aeruginosa PAO1 phage-resistant variants by challenging an isogenic host population in homogeneous and heterogeneous phage environments (19) . This library was categorized into three classes, each containing 20 variants. Class I was comprised of P. aeruginosa variants that emerged from a challenge with phage PP7, class II was comprised of variants that emerged from a challenge with phage E79, and class III was comprised of variants that emerged from a challenge with a 1:1 mixture of both phages. The control group consisted of 20 isolates that had no contact with any phages during the experiment. Furthermore, the variants were categorized into five main groups based on their colony morphology, as follows: glossy with diffuse edges (group A), glossy with round edges (group B), small glossy colonies (group C), small nonglossy colonies (group D), and small colonies producing brown pyomelanin pigments (group E) (19) . Not all colony morphotypes were observed in every phage treatment. It was reported that variants with similar colony morphologies that arose from different evolutionary contexts (different phage treatments) exhibited different levels of fitness as expressed by their growth rates and motility (19) . Furthermore, a number of virulence determinants (e.g., pyoverdin and pyocyanin) had increased for some variants, sug-gesting that a more detailed study of their virulence would be of interest. Because no point mutations were identified when the phage-resistant isolates were partially sequenced, we refrained from using the term "mutants," and the term "variants" was used to refer to them throughout this text.
In this study, we used the library of P. aeruginosa PAO1 variants mentioned above to investigate their virulence upon contact with cultured mammalian cells. We examined the ability of the variants to invade human keratinocytes, to impede their metabolic functions, and to cause membrane damage as well as their ability to resist phagocytosis by model murine macrophage cells. Furthermore, we quantified the secreted extracellular virulence factors as well as transcription levels for genes associated with each factor and investigated the effect of cell-free supernatants containing these secreted virulence factors on cultured mammalian cells.
MATERIALS AND METHODS
Bacterial variants and culture conditions. The P. aeruginosa PAO1 phage-resistant variants used in this study were formed through experimental evolution and were characterized as part of a previous study (19) . The ancestral form of P. aeruginosa PAO1 used was a wound isolate (27) . All variants were cultured from frozen stocks into Trypticase soy broth (TSB) supplemented with 0.5% glucose and grown to exponential phase (optical density at 600 nm [OD 600 ] of 0.2 to 0.3) prior to the specific virulence assay. To extract the supernatants containing extracellular enzymes, the variants were grown for 3 days (at 37°C with rotation at 150 rpm), the cells were centrifuged, and the supernatants were filter sterilized.
Cell lines and culture conditions. Th immortalized human keratinocyte cell line HaCaT and mouse macrophage J774 were cultured in high-glucose Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 5% fetal bovine serum (FBS) and 1% penicillin-streptomycin and incubated in a humidified incubator (37°C and 5% CO 2 ). HaCaT cells were detached using 0.05% trypsin-EDTA, and J774 cells were scraped from the flask for passaging. Passages 1 to 5 were used for all experiments.
Invasion of keratinocytes by P. aeruginosa variants. The ability of the variants to invade HaCaT cells was assessed using a modification of the antibiotic protection assay (28) . Briefly, the cells were seeded in 96-well plates (Costar) at a concentration of 10 5 cells/ml and incubated overnight in a humidified incubator (37°C and 5% CO 2 ). The medium in the wells was then replaced with 150 l of DMEM with no serum or antibiotic and inoculated with 50 l of the bacterial culture. The plates were centrifuged at 300 ϫ g for 5 min to promote adhesion of bacteria to the cells and then incubated for 2 to 3 h (37°C and 5% CO 2 ), after which the medium was replaced with DMEM supplemented with 200 g/ml of gentamicin and incubated for another hour. The wells were then washed twice with phosphate-buffered saline containing 100 mM calcium and 100 mM magnesium (PBSϩ/ϩ) to remove unattached bacteria, and finally the cells were lysed with 1% Triton X-100 to release invasive bacteria. The supernatants were serially diluted and plated on LB agar plates. Control samples lacking bacteria, cells, or gentamicin were treated the same way.
Phagocytosis of the P. aeruginosa variants by J774 macrophage cells. The ability of the variants to resist macrophage-mediated phagocytosis was assessed using a modified version of the method described by Goldova et al. (29) . The immortalized murine macrophage cells J774 were seeded in 96-well plates (Costar) at a concentration of 5 ϫ 10 5 cells/ml and incubated overnight (37°C and 5% CO 2 ). Then, the same protocol described for the bacterial invasion assay was followed.
MTT assay. The metabolic activity of cells after invasion by P. aeruginosa variants was quantified using an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; thiazolyl blue) assay (30) . The HaCaT cells were infected with the P. aeruginosa variants (using the same protocol as for the antibiotic protection assay, without lysing the cells). To verify the effect of bacteria-free supernatants, the bacterial suspensions in the protocol described above were replaced with 50 l of cell-free supernatants and incubated with cultured cells for 24 h. The cells were washed twice with PBSϩ/ϩ, and 100 l of alpha-minimal essential medium (␣-MEM) was added to each well along with 10 l of the MTT stock solution (12 mM in PBS). The plates were incubated for 4 h (37°C and 5% CO 2 ), after which the medium in the wells was replaced with 100 l of acidic isopropanol (0.1N HCl in absolute isopropanol), and the plates were incubated for 18 h (37°C and 5% CO 2 ). Absorbance of the converted dye was measured at a wavelength of 570 nm using a microplate reader (Infinite M200 Pro; Tecan, Switzerland).
Live/dead fluorescence assay. A Live/Dead Viability/Cytotoxicity Kit for mammalian cells (Invitrogen) was used to distinguish live cells from the dead. The HaCaT cells were seeded in polystyrene black 96-well plates (Costar) with clear bottoms at a concentration of 10 5 cells/ml and invaded with the P. aeruginosa variants following the same protocol as described for the antibiotic protection assay but without the cell lysis step. Next, the cells were washed twice with PBSϩ/ϩ, and the assay was performed as per the kit instructions using a microplate reader in fluorescence mode. The Live/Dead kit consisted of calcein AM (a polyanionic dye; AM refers to acetoxymethyl ester), which is converted to green fluorescent calcein in live cells (excitation/emission [ex/em] wavelengths of ϳ495 nm/ϳ515 nm), and ethidium homodimer-1 (EthD-1), which binds to nucleic acids of cells with damaged membrane (ex/em wavelengths of ϳ495 nm/ϳ635 nm).
CLSM. Confocal laser scanning microscopy (CLSM) was used to image the cell lines before and after incubation with P. aeruginosa variants. HaCaT and J774 cell lines were seeded in FluoroDish cell culture dishes (WPI). The protocol for the antibiotic protection assay was carried out without the cell lysis step. The cells were stained with a Live/Dead Viability/Cytotoxicity Kit for mammalian cells (Invitrogen) according to the manufacturer's instructions. Subsequently, images of stained cells were captured using a Zeiss CLSM system (Jena, Germany) using a 488-nm argon laser.
Extracellular enzyme activity assay. The levels of total hemolysins, total proteolysins, elastase, and phospholipase C were evaluated using the following method. A 50-l aliquot of cell-free supernatant (filter-sterilized) from a 3-day liquid culture of each variant was added to holes punched into agar plates. Hemolytic activity was determined on LB agar plates containing 5% sheep blood (31) . LB agar plates containing 2% skim milk were used to assess total proteolytic activity of the variants (32) . Elastase activity was determined using 0.5% elastin-containing nutrient broth plates (33) . Phospholipase C activity was assessed using the method described by Habermann and Hardt (34) . Briefly, 1.5% (wt/vol) agar was supplemented with 1% (vol/vol) egg yolk enrichment in 50 mM sodium acetate buffer supplemented with 10 mM CaCl 2 . A white precipitate around the inoculum indicated phospholipase C activity. The plates were incubated for 24 h at 37°C and further incubated at room temperature for two additional days. The diameter of the halo around the point of inoculation, indicating enzyme activity, was measured.
RNA extraction, cDNA synthesis, and comparative qPCR. Selected variants were grown in TSB to an OD 600 of 0.2 to 0.3 (37°C with rotation at 120 rpm). Total RNA was extracted using a Direct Zol kit (Zymo Research). Expression of target genes was quantified using two-step reverse transcription-quantitative PCR (RT-qPCR) using a high-capacity cDNA reverse transcription kit (Applied Biosystems). RT-qPCR was performed with an ABI Prism 7900 HT thermal cycler (Applied Biosystems) using Power SYBR green PCR master mix (Applied Biosystems). Results were analyzed using the threshold cycle method (35) with rpoD (sigma factor RpoD) as an endogenous reference. All kits were used according to the manufacturer's instructions. Three independent isolated RNA samples were analyzed for each data point. Sequences of the primers used to amplify the genes of interest are listed in Table S1 in the supplemental material.
Statistical analysis.
Results are reported in terms of population mean Ϯ 95% confidence intervals (CI). Significance of difference between the phenotypic features of variants and the control was analyzed using Student's t test with Bonferroni correction. Significance of difference between the variant groups was analyzed using single-factor analysis of variance (ANOVA). The statistical analysis was performed using Statistica, version 8.0 (Stat Soft, Inc., San Jose, CA), and P values of Ͻ0.05 were considered significant. Throughout the text, all the changes (increase or decrease) reported were statistically significant. The changes that were not statistically significant are not mentioned in the text.
RESULTS
It was previously observed that the variants have different growth rates (19) . To decrease the potential influence of this difference in bacterial concentration on the results, we chose to normalize all of the assay measurements for each isolate by the isolate's level of growth (OD 600 ).
Interaction of the P. aeruginosa variants with cultured mammalian cells. The P. aeruginosa PAO1 variants originated from a burn wound isolate (27) ; thus, their ability to invade cultured mammalian cells was tested using HaCaT immortalized human keratinocytes, the predominant cell type in the epidermis. The ability of the variants to invade human keratinocytes after 2 h of incubation was not significantly different from that of the control cells (data not shown). When the incubation time was increased to 3 h, however, most colony morphotypes in class III (resistant to both phages) exhibited a significant reduction in their invasion ability (Fig. 1a) . Colony morphotypes A, C, and D in class III had lower invasion ability than the controls and the same colony morphotypes developed through single phage treatments (Fig. 1a) . Variants with colony morphotype E (pyomelanogenic variants) had lower invasion numbers in both classes II and III than the controls. The isolates were also placed in contact with J774 murine macrophage cells to quantify how amenable they are to be cleared by the body's immune system. PP7-resistant isolates (class I) did not show a significant difference from the controls in terms of the number of bacteria internalized in the macrophage cells. Colony groups D and E in class II (E79 resistant) and colony morphotypes B, D, and E in class III (resistant to phage mixture) showed a decrease in internalization in J774 macrophage cells compared to the control cells (Fig. 1b) . To ensure that the observed effect was not a result of the difference in growth rates of the variants, the number of invaded bacteria was divided by the OD 600 value of the planktonic culture of each variant used in the assay. This did not change the overall trends observed.
To assess the toxicity of internalized bacteria, an MTT assay and a live/dead fluorescence assay were employed. The reduction of MTT, expected to occur only in metabolically active and thus actively proliferating cells, was observed to have significantly decreased for colony groups B and E in class III (Fig. 2a) , with no statistically significant reduction for the other classes (note the sizes of the error bars). The decrease in metabolic activity caused by variants in class III was surprising, given that they invaded the cells in lower numbers. This led us to examine the observed trend for invaded-cell viability with the live/dead assay consisting of calcein AM (which stains the live cells fluorescent green) and ethidium homodimer-1 (which stains cells with compromised plasma membrane fluorescent red). Figure 2b shows the percent live cells calculated as per the kit instructions, with a correction for the maximum levels of fluorescence for both dyes. The membrane integrity of HaCaT cells invaded by the variants was observed to have decreased significantly for colony morphotypes D and E in both class II and class III and for group A in class III (Fig. 2b) . These results were qualitatively confirmed by the CLSM images of these cells in which the live cells are shown in green and the dead cells are shown in red ( Fig. 2c and d) . Our results indicate that variants that invaded the HaCaT cells in lower numbers than the control cells were still able to decrease cell viability significantly. We hypothesized that this effect may be due to higher levels of secreted virulence factors, and to verify this hypothesis, we quantified the level of a number of secreted virulence factors for the library of phage-resistant variants.
Activity of extracellular enzymes. The levels of extracellular enzymes in the supernatants of cultures (overnight to 3-day-old) were found to be below the sensitivity of the agar plate assays. The only enzyme that was present in sufficiently high levels in bacteriafree supernatants to be detected by an agar plate assay was total protease, which produced visible lysis rings on skim milk plates (Fig. 3a) . The levels of protease secreted by colony groups A and B in class I (PP7 resistant) were greater than the control levels and also than the levels of the same colony groups in other classes. To quantify the production of the other enzymes of interest, the variants were grown to an OD 600 of 0.2 to 0.3 and diluted 1:20 in TSB. An aliquot (50 l) of the bacterial suspensions thus obtained was used to inoculate the different agar plates as described above. The diameter of the halo around the inoculation zone was measured after 3 days. With this adjustment to the method of detection, the level of elastase was found to have increased for colony groups A and D in class II and for colony groups B and C in class III (Fig. 3b) ; however, a decrease was observed for group E in class III. The total hemolysin activity was observed to have increased for most colony groups (Fig. 3c) , namely, groups A and B in class I, groups A and D in class II, and groups C and D in class III; group E in class III showed decreased hemolysin activity. Phospholipase C showed an increase only for colony group C in class III (Fig. 3d ) (note sizes of the error bars).
Because the level of at least one secreted virulence factor was observed to have increased for each colony group in every class, we decided to test the effect of bacteria-free supernatants from the 3-day-old cultures of the variants on cultured mammalian cells. The results from the MTT assay with bacteria-free supernatants showed negligible effects on the metabolic function of keratinocytes (see Fig. S1 in the supplemental material) and macrophages (data not shown) compared to the controls, even when they were coincubated for 24 h.
Transcription levels for virulence-associated genes. Transcription levels were quantified via RT-qPCR for genes associated with the production of toxins (toxA, endotoxin A precursor; exoS, exoenzyme S; exoT, exoenzyme T; exoY, adenylate cyclase ExoY; plcH, hemolytic phospholipase C precursor), protease (lasA, serine protease precursor; lasB, zinc metalloprotease or elastase precursor; aprA, alkaline protease precursor), a type II secretion system (xcpP, secretion protein XcpP; xcpR, general secretion pathway protein E), a type III secretion system (TTSS) (pcsF), and a type VI secretion system (clpV1). Because class III resulted in a more pronounced loss of viability in cultured keratinocytes, one variant from each colony group in this class (with phenotypic traits representative of that group) was selected for RNA extraction. Table 1 presents the values of the qPCRs of these selected isolates. The transcription levels for the gene associated with the hemolytic phospholipase C precursor, plcH, showed an increase for all of the samples except for colony group E. The transcription levels of toxA and exoS also increased for most colony groups. Protease-associated genes (lasA and lasB) were upregulated for all colony groups with one exception: lasA was downregulated for group E. The genes associated with secretion systems II, III, and VI also exhibited increased transcription levels, again with one exception: xcpR was downregulated for group E.
DISCUSSION
In this work, we used a library of P. aeruginosa PAO1 isolates, developed as part of a previous study (19) , to investigate the effect of phage resistance on the virulence of these variants toward cultured mammalian cells. We reported a decrease in the viability of human keratinocytes when infected with most phage-resistant variants in class III, irrespective of their colony morphologies. These findings, combined with the observation that these isolates invaded the keratinocytes in lower numbers than the controls, suggested that they had a heightened toxicity level. To confirm this hypothesis, transcription levels of selected virulence-associated genes were determined via RT-qPCR, and the results were compared to the secretion levels for associated enzymes, which were quantified through agar plate assays, where possible.
P. aeruginosa produces several kinds of proteases, namely, elastase (LasB), alkaline protease, LasA protease, protease IV, and membrane protease (36) , each having different functions in different types of infections (37) (38) (39) (40) (41) . RT-qPCR results showed an increase in the transcription of lasA, the gene associated with protease IV, which is involved in the pathogenesis of keratitis and lung infections (36, 42) , and also lasB, the gene associated with elastase. The agar plate assays also confirmed the increase in secretion of elastase. The transcription of the aprA gene associated with alkaline protease showed an increase for all but colony groups B and E. It is noteworthy that the genes associated with the function of secretion system types II, III, and VI were upregulated for all colony groups, and, thus, the increase observed for the extracellular enzymes could be attributed to a heightened functioning level of the secretion systems. However, it is difficult to generalize the overall function of secretion systems based on transcription of a single gene from each secretion system, and more genes need to be studied.
The other group of secreted virulence factors investigated in this work consisted of hemolysins. Agar plate assays showed that the level of total hemolysins increased significantly for most colony groups in all three classes. The transcription of the plcH gene associated with phospholipase C (an important constituent of Pseudomonas hemolysins) increased for morphotypes A, B, C, and D in class III although agar plate assays could detect an increase only for group C. This difference could in part be explained by lower sensitivity of the agar plate tests for phospholipase C or posttranslational regulation of this enzyme.
RT-qPCR results indicated an increase in transcription of a number of other virulence factors. The gene associated with exotoxin A (toxA) was found to be upregulated for all colony groups. Transcription of the genes encoding the major toxins injected into host cells by P. aeruginosa through the type III secretion system (TTSS), namely, ExoS, ExoT, and ExoY (7), showed an increase for all colony groups in the case of exoS, a decrease for all groups in the case of exoT, and no consistent trend for exoY (increase for colony groups A and B and decrease for the others). ExoS leads to disruption of normal cytoskeletal organization (43) and interferes with the host immune and inflammatory response (44) . The TTSS is believed to directly participate in P. aeruginosa virulence inde- pendently of its role in the translocation of toxins (45, 46) ; consequently, we also verified the transcription levels of pscF, a gene encoding the TTSS export protein PscF, as an indicator of the level of activity of the TTSS. We observed that transcription of this gene increased, as expected by the heightened levels of other TTSSsecreted enzymes. In summary, most of the secreted virulence factors investigated in this study exhibited either increased levels of secretion or at least increased levels of transcription of the associated gene. It is noteworthy that our previous study showed a significant decrease in growth rate specifically for classes II and III (19) . Isolates in classes II and III exhibit the greatest changes in their virulence factors. As mentioned before, this change appears to be context dependent and depends on the evolutionary background of the isolates (i.e., the phage used to challenge the initial population). Another important finding of this work is the observation that most colony morphotypes in classes II and III were less susceptible to nonopsonic phagocytosis by murine macrophages. Initial interaction of P. aeruginosa with the host immune system in the lung environment is believed to occur under nonopsonic conditions (47) . Nonopsonic phagocytosis of P. aeruginosa is a receptor-mediated event, and evidence suggests that multiple bacterial ligands are involved in the interaction of bacteria with macrophages. Loss of swimming motility (48) and production of pyomelanin (49) are two factors reported in the literature to be associated with heightened resistance to phagocytosis in P. aeruginosa. Both of these phenotypes were previously reported, to various degrees, for P. aeruginosa variants from classes II and III (19) . This could in part explain the observed decreased internalization of these variants by macrophage cells. During the process of active infection, pathogenic bacteria are exposed to exogenous oxidative stress that phagocytes utilize as a host defense mechanism (50). In our previous study, all phage-resistant variants in class II (and morphotype E in class III) were shown to have a higher resistance to oxidative stress (19) ; thus, their resistance to phagocytosis by macrophages correlates well with previous results.
Concluding remarks. Definitions of virulence typically relate to the capacity of a pathogen to cause damage or disease in the host (51) . Although in vivo tests are the only true measure of virulence, the results for the cytotoxicity assays could serve as reasonable markers for the virulence traits of the phage-resistant P. aeruginosa library under study. Although the levels of secreted virulence factors were shown to have increased for all variants, we observed a negligible effect on cell viability as a result of the coincubation with bacteria-free supernatants from the variants (relative to the control group). However, upon entry into the host cells, some variants (all class III and some class II) significantly decreased the viability of the cultured cells even though these variants invaded the cells in lower numbers than the control cells. Furthermore, a number of colony groups (mostly in classes II and III) displayed less internalization by model murine macrophage cells, a trait that could potentially increase their virulence in vivo. These results demonstrate how phage predation could alter the virulence traits of a host population and potentially affect the evolution of pathogenesis. Moreover, these findings highlight the need for caution in the selection and design of phages to be used for therapeutic purposes. The prospects of using multiphage therapy to avoid bacterial resistance have been reported in the literature (52) (53) (54) . Our results indicate that phage mixtures for antibacterial and therapeutic use must be designed with caution and tested meticulously in different settings. It should be emphasized that in vivo virulence studies may yield different results since the evolution cost is believed to be context dependent (19) . P. aeruginosa expresses a wide array of virulence determinants. How these different factors work together or individually at each stage of infection and in the context of the whole bacterium is a complex phenomenon that needs to be approached using a combination of techniques (e.g., tissue culture and animal models).
